The Finite-Difference Time-Domain (FDTD) technique is presented in this paper as an estimation method for radio propagation prediction in large and complex wireless local area network (WLAN) environments. Its validity is shown by comparing measurements and Ray-trace method with FDTD data. The 2GHz (802.lIb/g) and 5GHz (802.lIa) frequency bands are used in both the calculations and experiments. The electric field (E-field) strength distribution has been illustrated in the form of histograms and cumulative ratio graphs. By using the FDTD method to vary the number of human bodies in the environment, the effects on E-field distribution due to human body absorption are also observed for 5 GHz WLAN design. key words: finite-difference-time-domain (FDTD) method, wireless local area network (WLAN), indoor propagation, histogram, human absorption 
Introduction
The number of devices that communicate using wireless networks has been rapidly increasing in recent years and the devices' transmission frequencies continue to increase. It is also common for large data files to be sent over these networks. In a well-designed wireless local area network (WLAN) environment, there should be good signal coverage throughout the entire area so that portable devices do not experience any signal interruptions. In the case of indoor WLANs, signal reflection, refraction and absorption are important factors that must be considered since a good WLAN radio propagation service area estimation requires signal coverage to remain above a predefined minimum value. When there are many complex objects, it also becomes a multi-reflective environment. When designing indoor WLANs, it is also necessary to consider the optimum number of access points (APs) to be used and the best positions in which they should be placed for optimum data throughput. This is very important because the overall cost of a WLAN design will increase unnecessarily if there are too many APs [1] .
Generally, estimation methods like Moment of Methods (MoM) [2] , [3] and Ray-Tracing [4] - [9] are used for estimating propagation distribution in large WLAN environments that consist of multiple objects. In complex multireflective environments with many objects, the Finite Dif- ference Time Domain (FDTD) method [10] , [11] can also be used to consider electrical properties of various objects. The aim of this paper is to highlight the applicability of the FDTD method when estimating E-field distribution in large-scale WLAN office environments. However, for largescale modeling, the required amount of memory is very high, requiring the use of a supercomputer. The validity of the FDTD method in large and complex multi-reflective environments is established by comparing data obtained from FDTD calculations with data obtained experimentally and using the Ray-trace method.
Additionally, the absorption effect due to human bodies can be considered. The need for investigations into the shadowing effect by the human body has become more important [12] . We believe that human absorption effects are not negligible so an estimation method allowing this effect to be considered is desired. Up to this point, there has not been extensive research investigating the suitability of the ray-tracing and MoM methods in determining the absorption effect of human bodies. A key advantage of the FDTD method over other estimation methods is that simple modifications allow the inclusion of human phantom models' parameters in order to deduce the human absorption effect. In the context of an indoor WLAN it is useful to be able to estimate the extent to which the performance of the WLAN is impacted under conditions when varying numbers of humans are present.
In Sect. 2, field strength estimation methods that are used are explained. In Sect. 3, the validity of the FDTD method in this type of environment is shown by comparing the calculation results with results obtained using experimental and ray-tracing methods. Section 4 examines the variation in FDTD calculated field strength values in cases when the number of humans in the environment changes. As a result, the applicability of large-scale FDTD analysis in indoor propagation estimation is established.
Office Room Model
The room and the objects that it contained were modeled toscale. Each of the objects has different electrical parameters [13] which are listed in Table 1 . Figures 1 and 2 illustrate 2-and 3-dimensional diagrams of the modeled office room. Its dimensions are 10 m x 3.6 m x 16 m and some of the objects it contains are desks, bookshelves, chairs, metal partitions etc. There were over 20 desks which were each 0.7 m high. There were 22 chairs which all had plastic and cushion components. There were 3 different types of metal partitions with heights ranging from 1.2-1.8 m and there was also a metal locker that was 1.9 m tall and 2.4 m wide. 28 bookshelves were located around the room and these were mainly made of metal (1 was made of wood). There were also 4 floor-to-ceiling concrete posts that were each 1.3 m wide.
Other objects such as computer monitors, a sink and a refrigerator were also present.
Access Point
The two frequency bands used in the simulations were IEEE 802. 11 big (2.4GHz) and 802.11a (5 .2GHz). The transmitting antenna was a dipole antenna with a signal power of 100 m W. The AP was placed at a height of 2.65 m above the floor at the location shown in Fig. 2 . This height was chosen since it corresponds to a location in the actual environment at which test equipment can be setup in the experimental part of the study. The estimation plane in which calculations were done was 1.0 m from the floor because wireless devices tendw be placed at that approximate height whether on a desk or in someone's hand as they stand or walk. The field polarization of the transmitting antennas was vertical and the calculated measurements assumed vertical polarization of lEI.
FDTD Model
Numerical simulations were carried out using a Hitachi SR11000 Series supercomputer cluster that allowed parallel processing of calculations in different nodes. The peak performance of a node is 121.6 GFLOPS. The room was divided into 6 nodes each having dimensions 1134 x 251 x 364 cm. Approximately 600 GB of RAM was needed. However, this is well within the capabilities of the computer system used and the CPU runtime was 5 hours 19 minutes per simulation. The total amount of RAM actually used for each node was less than 100 GB but additional memory allows for expansion of the model for calculations of lEI in multi-storey environments.
In the FDTD analysis, a cell size of I cm was chosen. This is considered sufficient for obtaining accurate results for both frequencies since it is 0.08 i! for 802.11 big and 0.17 i! for 802.lla. The resulting number of cells at which the E-field strength is calculated is about 622 million.
A general rule of thumb concerning the choice of cell size requires that it be smaller than the wavelength of the highest transmitted frequency. A cell size of 0.1 i! is considered to be a good approximation but when cell sizes ranging between 0.08 i! and 0.17 i! are chosen, it is also possible for reasonable results to be obtained [14] . 802.11b/g and 802.11a have wavelengths of i! = 12.5 cm and i! = 5.8 cm Block diagram of measurement apparatlls. respectively. When the above criteria are considered, the chosen value (1 cm) falls within the acceptable range. Using this value, it is determined that the total number of cells in the problem space, each of which is a 1 cm cube, is approximately 62f million.
Experimental Setup
The AP configuration during the measurements was the same as during the FDTD calculations (with respect to polarization, frequency, transmission power and position). A block diagram showing the setup of the measUling equipment is shown in Fig. 3 . The entire area of the room was divided into squares having a spacing of 50 cm apart and measurements were taken 50 cm apart at the corners of each square at a height of 1.0 m from the floor. Based on this division method, the total number of points to be measured was 540 but due to the physical obstacles such as concrete posts, a metal locker among others, a maximum of only 526 measurements could be taken. The E-field strength was calculated using the equation:
where: V in == Spectrum Analyzer input voltage, AF == antenna factor of the dipole antenna, and Lc == cable losses. Table 2 shows the antenna factor and cable loss values.
Ray-Trace Parameters
Ray-trace data was obtained using an omni-directional receiving antenna. When the simulations were performed, the receiving area from which the data was obtained was 1 cm 2 . The transmitting antenna was a dipole antenna with frequencies of 2.4 GHz and 5.2 GHz and a transmission power of 100mW (the same as the measurement and FDTD parameters). The heights of the AP and the estimation planes are the same as in the FDTD model. Almost all furniture in the room is also similar but the chairs were not present and simple-shaped bookshelves are used in the ray-trace model. The maximum signal reflections of up to 10 times were considered. Ray-trace simulations also took into account signal 2179 diffraction throughout the area and these simulations were carried out using proplietary ray-tracing software. 
Establishing the

Comparing FDTD, Measurement Data and Ray-trace Data Using Histograms
In order to obtain a more complete understanding of the distribution of the calculated and measured data for the entire area, it is proposed that histograms be used as they allow the frequency of occurrence of all values in a 2 dimensional matrix to be displayed on a graph. In this way, the relative weighting of different values in an entire estimation plane is obtained and it is then possible to predict whether a network's coverage exceeds a certain threshold level. In E-field histograms, for each value of E-field strength, the frequency of occurrence is shown as a percentage of all the values in the room. This illustration gives a good visualization of dominant signal strength values in the room. This was done and they are shown in Figs. 10 and 11. These figures also include data obtained using the Ray-tracing method. The histograms' shapes and range of data values are similar and when the calculated FDTD data from the entire plane (over 1.3 million points) are compared with measured data from the entire plane (526 points) and Ray-tracing data (over 1.3 million points), there is a very good con·elation between the three sets of data. .,. 14 . There are a few areas between 104-116 dB J1 Vim where there is a difference between the FDTD and the measured values. However, upon detailed analysis of the calculated data, it has been observed that there are several instances where adjacent points (1 cm apart) are sometimes different in value by 3-7 dB. Therefore, it is possible that in the measurement process, a drift of just 1 or 2 cm away from the desired measurement point could result in values that skew the graph. Hence, the minor differences in Figs. 10 and 11 are thought to be due to measurement errors that would be very difficult to correct, given the complexity of the actual environment. It is therefore confirmed that the FDTD method is a valid technique for this type of environment since there is good agreement with established techniques. The applicability of the FDTD method in cases when humans are present will be examined in the next section.
Estimation of Human Absorption Effect
A refraction (bending) effect occurs on EM waves passing between mediums with different densities. This is also caused by a radio-frequency (RF) signal entering the human body since the body also absorbs the signal. In this section, the human absorption effect for S02.1la is examined since it is expected to be noticeable. Homogenous phantom models are used. However, in-homogenous phantom model could also have been used but we consider the homogenous phantom to be suitable for obtaining precise field distributions in scenarios that requiring the estimation of absorption effects due to human bodies because ---- most of the RF energy is absorbed on near-surface areas of the body. These homogenous human phantom models are each 1.75 m tall and have a realistic shape as shown in Fig. 12(a) . The electrical parameters are determined from 2/3 muscle equivalent tissue values that are two-thirds of the averaged value of muscle tissue for each frequency [15] . For S02.11a (5 .2 GHz), the electrical parameters were: sr = 4S.99, tan 6 = 5.20. All of the other conditions of the previously simulated model remain the same with the only difference being that 15, 50 and 100 standing human phantom models are included. Figure 12(b) shows the phantoms' positions when 15 human models are scattered throughout the room. Figure 13 illustrates electric field distribution in 2-D form in the plane 1 m above the floor for FDTD data with the same 15 persons that were present in Fig. 12(b) . When this data is compared with the corresponding data for 5 GHz in Fig. 5 , it is possible to see a reduction in the intensity of the distribution pattern in the region of the image that includes the humans. Figure 14 shows a histogram of the FDTD results for lEI as the number of human phantoms increases from 0 to 100. It is observed that there is a difference of 6 dB between the case with "0 humans" and the case with "100 humans."
In order to better visualize the field distribution char- acteristics, the FDTD data (l.Om from the floor) that was presented in Fig. 14 has also been included as a cumulative probability graph in Fig. 15 . The figure also shows near Line-of-Sight propagation characteristics in the estimation plane of the AP in cases where 15,50 and 100 persons were present in the room. The difference that is observed between these graphs at the AP height is negligible as the number of humans increases. This is the expected result since the height of the added humans is less than the height of the AP estimation plane. In this form, it can be deduced that the variation in lEI with the number of humans is greater in the plane 1 m from the floor as opposed to the AP plane.
Using the FDTD technique, it has been clearly shown that when human beings are present in a WLAN environment, received signal strength is affected because of the absorption of radiation energy by the human body.
Conclusions and Further Work
There is good con-elation between measured data, Raytracing data and FDTD-obtained data. It should be noted that using in order to obtain the same level of precision in experimental data as is achieved in the FDTD calculations, over 1.3 million physical measurements need to be taken at points 1 cm from each other in the plane 1 m above the floor. For such a large and complex WLAN environment, this level lEICE TRANS. FUNDAMENTALS, VOL.E92-A, NO. 9 SEPTEMBER 2009 of accuracy in measurements is not practical and therefore the FDTD method is a better method for cases such as these.
There will be further examination of the shape of the histograms in cases where the AP is moved to different positions throughout the room. In addition, if the number of APs in the environment is increased, it should be possible to see the impact on overall signal coverage, making it possible to determine the best overall design of the WLAN with respect to the location and number of APs.
The number of humans and the signal frequencies will also be varied to evaluate other realistic scenarios.
There will also be further investigations into the applicability of the ray-trace in cases where human phantom models are present. However, this paper has clearly established the applicability of large-scale FDTD analysis for indoor WLAN environments.
